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Abstract 

The ^-factory DAONE offers a possibility to select pure kaon beams, charged and neutral ones. In particular, 
neutral kaons from (f> — > K$Ki are produced in pairs and the detection of a K$ {Ki) tags the presence of a Ki (Ks). 
This allows to perform precise measurements of kaon properties by means of KLOE detector. Another advantage of a 
^-factory consists in fact that the neutral kaon pairs are produced in a pure quantum state ( J PC = 1 ), which allows 
to investigate CP and CPT symmetries via quantum interference effects, as well as the basic principles of quantum 
mechanics. 

A review of the most recent results of the KLOE experiment at DAONE using pure kaon beams or via quantum 
interferometry is presented together with prospects for kaon physics at KLOE-2. 
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1. KLOE experiment at DAONE collider 

The e + e~ collider and 0-factory DAONE is placed 
in National Laboratory in Frascati (LNF-INFN, Italy). 
Electrons and positrons are accelerated in linac, then 
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stored and cooled in an accumulator and finally trans- 
ferred in bunches into separated storage rings with two 
interaction points U]. A schematic view of DAONE 
complex is presented in Fig. Q] The collider was de- 




Figure 1: Scheme of the DAONE complex. A position of KLOE 
detector at one of two interaction points is also presented. Figure 
taken from 01 . 

signed to operate at the peak of <p resonance ( yfs — 
m$ ~ 1019 MeV) producing (p mesons almost at rest 
(fitf, ~ 0.015) since electrons and positrons collide with 
small transverse momenta. A <p meson decays mostly 
into kaon pairs (49% into K + K and 34% into K S K L ), 
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which makes a </>-factory the natural place for kaon 
physics studies. 

During period from 2001 to 2006 KLOE has col- 
lected 2.5 fbr 1 of integrated luminosity, which corre- 
sponds to about 6.6 x 10 9 kaon pairs [3]. The detec- 
tor itself consists of two main components: a ~3.3 m 
long cylindrical drift chamber [4] with radius ~4 m sur- 
rounded by an electromagnetic calorimeter [5s] . Both 
sub-detectors are inserted in a superconducting coil 
which produces an axial magnetic field of 0.52 T par- 
allel to the beam axis. Fig.|2]shows a schematic view of 
KLOE detector. The KLOE drift chamber was designed 
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Figure 2: KLOE detector surrounded by superconducting coil. Colli- 
sion point of electrons and positrons is in the spherical beam-pipe in 
the center of the detector. Figure adapted from | 2]. 

to detect a sizable fraction of Kl decays (mean decay 
path of Ki meson is ~3.4 m). The chamber is filled 
with a mixture of helium and isobutan (90% and 10%, 
respectively) and has about 52000 wires arranged in 
cylindrical layers with alternate stereo angles. Based on 
the reconstruction of charged track curvature it allows 
for a fractional momentum accuracy of o~ p /p « 0.5%. 
The resolution of vertex reconstruction is about 1 mm, 
while overall spatial accuracy is below 2 mm. An elec- 
tromagnetic calorimeter consists of a barrel and side 
detectors {endcaps) providing almost An coverage of 
solid angle. Each module of calorimeter is read out 
on both sides by set of photomultipliers. It is build of 
stack of 1 mm scintillating fiber layers glued between 
grooved lead foils. The obtained accuracy of energy 
and time measurement are cr E = 5.7%/ ~\/E[GeV] and 
cr(f) = 54ps/ y/E[GeV] lOOps, respectively. Deter- 
mination of the hit position in the plane transverse to 
the fiber direction is based on the analysis of signal am- 
plitude distribution and the resolution is about 1 cm, 



while accuracy of longitudinal coordinate due to excel- 
lent time resolution amounts to <x, = 1.2cm/ y/E[GeV]. 

Since at KLOE kaons are produced in pairs from <p 
decay, reconstruction of K$ decay close to interaction 
region (clean selection of K$ — > n + 7T ", BR=69%) al- 
lows for tagging of Kl presence. Having that and tak- 
ing into account size of the detector itself makes KLOE 
an excellent place for Kl decay measurements. How- 
ever, what is even more important, detection of Kl hit 
in calorimeter module tags the presence of K$. This 
method makes KLOE an unique place to study pure K$ 
beams. It is used for measurement of BR(Ks — > 7r°7r ^ ) 
described in Section [2] It is also possible to study de- 
cays of both kaons in single event. Since both of them 
are produced in a pure quantum state (J PC = 1 ), it is 
possible to study quantum interference effects for reac- 
tion KsKl — > 7r + 7r 7r + 7r~, as it is shown in Section[3] 

Recently KLOE-2, a successor of KLOE, has started 
data taking campaign in order to extend KLOE physics 
program Description of applied and planned up- 
grades together with physics prospect is presented in 
Section |4] 

2. Preliminary result of BR(Ks — > 7r 7r 7r°) measure- 
ment 

The decay K$ — ♦ 7r 7r () 7r° has not been observed so 
far. Up to now the best limit of branching ratio is 
1.2 ■ 10" 7 fl7[| , which is still about two orders of magni- 
tude larger than theoretical predictions based on Stan- 
dard Model (BR SM -1.9-10 9 ). Assuming the CPT 
invariance the described process allows for investiga- 
tion of direct CP violation. At KLOE presence of 
Ks is tagged by Kl interaction with electromagnetic 
calorimeter (KL-crash). Additional condition to select 
Ks — > 7r 7r 7r° decay candidates are presence of six 
neutral clusters (caused by gamma pairs from jt° de- 
cays) and no charged tracks originating from interaction 
point. There are two main components for background 
reaction. Events of Ks — > where two additional 
clusters are from splitting or accidental processes and 
Kl — > n°n 7r°, Ks — > n + 7T~ events. In the second case 
the Kl decay close to the interaction point mimics the 
Ks decay, while charged products of Ks due to inter- 
action with quadrupoles simulate ^-crash signal. As a 
first step for background reduction a kinematic fit was 
performed with 1 1 constrains of energy and momentum 
conservation, the kaon mass and velocity of six pho- 
tons. Cut on obtained y 1 values effectively reduce the 
background from false X^-crash events without loose 
of signal events. For the rejection of events with split- 
ted and/or accidental clusters a correlation between x\ n 
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and Xo„ variables was used. Both variables are eval- 
uated with the most favorable cluster pairing in each 
case J3l. The quadratic sum of residuals between the 
7t° mass and the invariant masses of three photon pairs 
formed from the six clusters is;^ , while x\ n is based on 
the invariant masses of two photon pairs and energy and 
momentum conservation for <p — > K$Kl reaction, where 
Ks — > 7T°7T°. In addition, to improve the quality of the 
photon selection, a cut on AE = (mo/2 - 2 E 7j )/<TE 
was applied, where y- t stands for the i-th photon from 
four chosen in the;^ estimator and cr E is the appropri- 
ate resolution. For two background clusters case AE is 
expected to be 0, while AE * m^/crE for Ks — > 3n°. 
Final cut was also applied on the minimal distance be- 
tween photon clusters to refine rejection of events with 
splitted clusters. Result of this cut is shown in Fig. [3] 
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Figure 3: The distribution of minimal energy of the cluster versus 
minimal distance (R„„„) between clusters in the event. The dashed 
line corresponds to the used R„„„ cut. 

After preliminary cuts zero candidate events were 
obtained and zero events from Monte Carlo were ob- 
served. Data sample is based on 1.7 fbr 1 integrated lu- 
minosity, while effective statistics of Monte Carlo is two 
times higher than data sample. This results in a new 
preliminary upper limit on branching ratio BR(Ks — > 
3tt°) < 2.9- 1(T 8 (corresponding to \j] 3n o\ = \ A , (K J" 3 ^ \ < 



\A(K L -*37fl)\ 

0.009), which is almost an order of magnitude better 
then the best limit obtained so far. 



where N - (1 + |e| 2 )/(l - e 2 ) =s 1 is a normaliza- 
tion factor, with e as the CP violating parameter in 
the mixing |@]. If one considers the case in which 
both kaons decay into identical final states, for exam- 
ple Ks — > 7r + 7r~ and Kl — > n + 7T~, the decay rate of the 
system is proportional to: 



/(7r + 7r~,7r + 7r~,Ar) cc e ^ lM + 



-r s A! 



-2e~ 



M 



cos(AmAt) , 



(2) 



where Am is the mass difference between Ki and 
Ks and At is the time difference between the de- 
cay of both kaons. This allows to study phenom- 
ena with increased accuracy due to interference pat- 
tern 2e 5 A ' cos(AmAt). Eq. [2] implies that both 
kaons cannot decay at the same time, and it is an ex- 
ample of correlation of the type pointed out for the first 
time by Einstein, Podolsky and Rosen [9]. The initial 
state after cp meson decay spontaneously factorizes to 
an equal weight mixture of states \Ks)\Kr) or \Ki)\Ks) 
causing decoherence. The decoherence parameter (, 
which measures the amount of deviation from predic- 
tion of quantum mechanics, can be introduced in the 
following way: 



I(7T + 7T-,7T + 7T-,At) CC e^' + 



-2(1 -( s £)e 



cos(AmAt) , 



(3) 



where value ( — corresponds to the usual quantum 
mechanics case, while f = 1 to the total decoherence 
(and different ( values to intermediate situations be- 
tween these two), as it is shown at the left plot in Fig. [4] 
In general f depends on the basis in which the initial 



I(ti + ti , tt + 7x ;At) (a.u.) 




3. Interference with K S K L -* n + n n + n 

At KLOE neutral kaons are produced in an entangled 
states from decay of meson with J PC — 1 



10 



K°)\K°) - \K°)\K )) 



1 

^A\K S )\K L )-\K L )\K S )\, 



(1) 



Figure 4: Left: The l(n + 7t~ ,7t + n~ , At) distribution for quantum me- 
chanic case = 0), and for two greater than zero values of deco- 
herence parameter. The biggest discrepancy is for At close to 0. The 
figure is taken from |8]. Right: Points denote experimental results, 
while fitted histogram shows results of the Monte Carlo simulation. 
The bin size corresponds to the time resolution cr(At) ss T5 floll . 

state is expressed. At KLOE test of decoherence pa- 
rameter was based on data analysis of =sl.5 fb _1 II 1 0TI . 
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Selection of the signal events (/> — > K$Kl — > n + n~n + n~ 
requires two vertexes, each with two opposite-curvature 
tracks inside the drift chamber, with an invariant mass 
and total momentum compatible with the two neutral 
kaon decays. The experimental points were fitted with 
Eq.[3]modified with parameters expressing decoherence 
in different models described in li. The fit was 
performed taking into account resolution and detection 
efficiency, the background from coherent and incoher- 
ent Ks regeneration on the beam pipe wall, and the 
small contamination from the non-resonant <? + e~ — > 
7r + 7T 7r + 7!-~ channel. The determined experimental dis- 
tribution of the <p — > K$Kl — > 7r + 7r~7r + 7r~ intensity as 
a function of the absolute value of At is shown on the 
right plot in Fig. [4] The results: 

^ L = (0.3+1.8 Jfflr + 0.6 JVJ ,)-l(r 2 , 
&5 = (1.4±9.5rf fl ,±3.8^,)- 1(T 7 , (4) 

show no deviation from quantum mechanics [10]. 
4. KLOE-2 

The physics program of KLOE was related to the 
good accuracy of reconstruction of Ki decays in large 
fiducial volume, while at KLOE-2 an increased interest 
will be focused on the physics close to the interaction 
point (IP) as rare Ks decays, Ks -Ki interference, multi- 
lepton events, as well as rj, rf and A' ± decays. More 
details about whole KLOE-2 physics program can be 
found in Ref. H|. 

The new interaction region of electron and positron 
beams based on the Crabbed Waist compensation of the 
beam-beam interaction together with large Piwinski an- 
gle and small beam sizes at the crossing point was suc- 
cessfully commissioned in 201 1 111 111 . This modification 
allows to increase delivered luminosity (with unchanged 
beam current) by a factor of three with respect to the 
performance reached before the upgrade. During next 
3-4 years of data taking with the KLOE-2 detector it is 
planed to collect ~20 fbr 1 of integrated luminosity. 

The detector itself was upgraded with two pairs of 
small angle tagging devices 11 1 211 to detect low (Low En- 
ergy Tagger - LET) fl3ll and high (High Energy Tag- 
ger - HET) energy e + <?~ originated from e + <?~ — > e + e~X 
reactions. This tagger system will be used for yy 
physics studies. First commissioning run of KLOE-2 
has started in 201 1. After collection of ~5 fbr 1 the sec- 
ond phase of upgrade will start. In this step a light- 
material Inner Tracker detector based on the Cylindri- 
cal GEM technology will be installed in the region be- 
tween the beam pipe and the drift chamber to improve 



charged vertex reconstruction and to increase the ac- 
ceptance for low transverse momentum tracks II14[ 1 1 511 . 
Crystal calorimeters (CCALT) will cover the low po- 
lar 9 angle region to increase acceptance for very for- 
ward electrons and photons down to 8° 11611 . A new 
tile calorimeter (QCALT) will be used for the detection 
of photons coming from Ki decays in the drift cham- 
ber m. 

The tagging system is made of two different detectors 
which are already installed and ready for the data tak- 
ing. Near the interaction region inside KLOE the small 
calorimeters (LET) consisting of LYSO crystals read 
out by silicon photomultipliers are placed. They will 
be used for measurements of electrons and positrons 
from yy interaction within energy range from 160 to 
230 MeV with an accuracy of cr E ~ 10% HI. At the 
distance of 1 1 m from the interaction point in the bend- 
ing section of DAONE, the HET detectors are placed. 
They provide the measurement of the displacement of 
the scattered e + or e~ with respect to the main orbit. 
These position detectors consist of 30 small BC418 
scintillators 3x3x5 mm 3 each and provides a spatial res- 
olution of 2 mm (corresponding to momentum reso- 
lution of ~1 MeV) for e + /e~ with energy higher than 
400 MeV. 

The main part of KLOE-2 physics program |0] is 
concentrated in Ks , r\ and charged kaon decays as well 
as kaon interferometry. These events are produced close 
to the interaction point (IP), requiring an optimization 
of the detection for low momentum tracks coming from 
the IP. This is the purpose of installation of the Inner 
Tracker detector. It is based on a novel technology of 
fully cylindrical GEM (Gas Electron Multiplier) detec- 
tors 11141 1 1 511 . Each of its four concentric layers pro- 
vides 2 coordinates, while the third is determined by the 
known radius of the layer. Each layer is a triple-GEM 
chamber with cathode and anode made of thin poly- 
imide foils. The innermost layer will be placed 15 cm 
from the beam line, which corresponds to 20 ts in order 
not to spoil the K^Ks interference, while the outermost 
layer is located close to the internal wall of the Drift 
Chamber. 

The comparison between results obtained with 
present spatial resolution and after installation of Inner 
Tracker for decoherence studies (discussed in Section|3]l 
is presented in Fig. [5] An improved sensitivity on deco- 
herence parameters of about one order of magnitude is 
expected with an integrated luminosity of ~20 fb" 1 and 
the use of Inner Tracker. 

In order to improve measurements of the rare kaon, 77, 
and 77' decays two additional calorimeters QCALT and 
CCALT will be installed. QCALT composed by a sam- 
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Figure 5: Comparison of the I(7r + n~, n + n~, At) distribution obtained 
with KLOE resolution and after Inner Tracker insertion based on the 
Monte Carlo simulation. 

pling of 5 layers of 5 mm thick scintillator tiles alter- 
nated with 3.5 mm thick tungsten plates will constitute 
aim long dodecagonal structure covering the region 
of the new quadrupoles inside the KLOE detector. The 
active part of each plane is divided into twenty tiles of 
about 5x5 cm 2 area with 1 mm diameter WLS fibers 
embedded in circular grooves. Silicon photomultipliers 
of 1 mm 2 area are used for readout each fiber 11711 . In 
addition, crystal calorimeters (CCALT) shaped as two 
small barrels of LYSO crystals will cover the low po- 
lar angle region very close to the IP to increase accep- 
tance for very forward photons. Readout system with 
silicon photomultipliers will be used aiming to achieve 
a timing resolution between 300 and 500 ps for 20 MeV 
photons 



accuracy in the measurements is expected in most cases 
to be improved by about one order of magnitude [6]. 
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5. Summary 

KLOE experiment achieved already several signifi- 
cant and precise results in kaon physics 01, due to the 
unique possibility of producing pure Kl, K$ and K ± 
beams. Moreover, there are still ongoing investigation, 
like search of Ks — > 3tt° decay presented here. The 
success of the DAONE upgrade motivated the start-up 
of a new experiment KLOE-2 which aims to complete 
and extend the KLOE physics program. LET and HET 
detectors have been already installed and the first phase 
of new data taking campaign has started. After collec- 
tion of about 5 fbr 1 of data new set of detectors will be 
installed (Inner Tracker, QCALT and CCALT calorime- 
ters) for precise measurements of rare decays of kaon, r\ 
and 77', as well as CP and CPT tests and kaon interfer- 
ometry studies. The expected total integrated luminos- 
ity collected by KLOE-2 should be about 20 fbr 1 . The 



